Proxima b is our nearest potentially rocky exoplanet and represents a formidable opportunity for exoplanet science and possibly astrobiology. With an angular separation of only 35 mas (or 0.05 AU) from its host star, Proxima b is however hardly observable with current imaging telescopes and future space-based coronagraphs. One way to separate the photons of the planet from those of its host star is to use an interferometer that can easily resolve such spatial scales. In addition, its proximity to Earth and its favorable contrast ratio compared with its host M dwarf (approximately 10 −5 at 10 microns) makes it an ideal target for a space-based nulling interferometer with relatively small apertures. In this paper, we present the motivation for observing this planet in the mid-infrared (5-20 microns) and the corresponding technological challenges. Then, we describe the concept of a space-based infrared interferometer with relatively small (<1m in diameter) apertures that can measure key details of Proxima b, such as its size, temperature, climate structure, as well as the presence of important atmospheric molecules such as H 2 O, CO 2 , O 3 , and CH 4 . Finally, we illustrate the concept by showing realistic observations using synthetic spectra of Proxima b computed with coupled climate chemistry models.
INTRODUCTION
Since the discovery of the first exoplanet around a Sun-like star, 1 the field of exoplanet research has been thriving and discoveries have been made at an accelerating pace. Today, more than 3700 exoplanets have been detected in our galaxy as well as approximately 4500 candidates, most of which are likely to be true planets. Although the current detection techniques show peculiar biases in terms of planetary sizes, orbital distances, or temperatures, it is already clear that the progressively emerging planet population presents an incredible diversity that goes well beyond what one can see in the Solar system. From young and hot to old and cold, from small and rocky to giant and gaseous, from tight to wide orbits and from circular to eccentric orbits, exoplanets cover a huge parameter space. While they represent only a small fraction of the known exoplanet population, rocky planets are very common, with 0.4 to 1.0 per star depending on e.g. stellar spectral type 2 and they cover a wide range of equilibrium temperatures. Nevertheless, very little is currently known about their atmospheres.
at a distance of 0.05AU where it receives ∼65% of the net insolation of the Earth. Studies using atmospheric column models [4] [5] [6] suggest that the planet might be habitable if (1) it was formed further out (hence avoiding likely dessication during the early stages) or/and if (2) it possesses a thick, protective H 2 envelope from the protoplanetary disk during its formation. The weak insolation suggests that a strong greenhouse effect would be needed to maintain surface habitability e.g. via a surface pressure of several bar of CO 2 .
Performing remote spectroscopy of this planet will provide a first insight on its atmosphere and provides a chance to assess its potential habitability. Since Proxima b is unlikely to transit, its atmospheric characterization will require direct imaging techniques or phase curve measurements. 7 In this paper, we present and discuss an instrumental concept that would be able to take the mid-infrared (5-20 microns) spectrum of Proxima b. We present the key advantages of the mid-infrared regime in Section 2 and why it is necessary to observe from space in Section 3. In Section 4, we present the observing challenge, the measurement concept, and the instrumental requirements as well as a few illustrative simulated observations.
WHY THE MID-INFRARED?
Direct imaging in the mid-infrared has a key role to play in studying exoplanets and understanding their atmospheres. In addition to providing a favorable planet/star contrast to detect the emission of HZ exoplanets (see e.g. Figure 1 for Proxima b), this wavelength region also provides data to measure key planetary parameters, such as their size, temperature, presence of an atmosphere, climate structure, as well as the presence of important atmospheric molecules. These points are briefly discussed in the following:
• Presence of an atmosphere and basic planetary properties. Even without the use of spectroscopy, and for any atmospheric composition, monitoring the variations of thermal emission of an exoplanet during its orbital motion, in a few or even one single broad band, can fundamentally constrain the atmospheric mass and climate.
8, 9
• Atmospheric composition. In addition to the constraints obtained from orbital broadband photometry, midinfrared spectroscopy is crucial to refine the nature of the atmosphere by providing atmospheric species, constraining the temperature, pressure structure, cloudiness, and determining whether the planet could potentially harbor life. The mid-infrared regime contains several important spectral features (e.g., H 2 O, CO 2 , O 3 , CH 4 ) that can be detected at low to medium spectral resolving power.
10
• Surface conditions and habitability. Surface temperature is a key property to study the habitability of an exoplanet and to search for life. For planets similar to Earth, a detailed study 11 shows that surface conditions (temperature and pressure) can be characterized relatively well from mid-infrared observations (to within ∼10 K at 3-σ) with S/Ns between 10 and 30, depending on spectral resolution. For planets much warmer than Earth, the surface temperature might not be determined by infrared observations alone, since such warm conditions could precipitate a so-called runaway greenhouse that would anyway prevent the planet from maintaining habitability.
Note that Proxima b will be directly observable with future telescopes but these observations will be limited to the visible regime from space (e.g. Habex/LUVOIR) and the near-infrared regime with ground-based 40-m class telescopes such as the ELT (assuming an inner working angle of 2×λ/D, see review in Meadows et al. 2018 6 ).
WHY IN SPACE?
Observing stars at mid-infrared wavelengths through the Earth's atmosphere can be compared with observing candles from behind a wall of fire. To be specific, the atmosphere emits 2×10 9 ph/s/arcsec 2 /µm/m 2 at 10 µm under standard conditions at Mauna Kea.
12 This is more than most stars and 10 billion times brighter than a 300K Earth-sized planet located at 10 pc when observed with an 8-m telescope. Although advanced chopping/nodding techniques have been developed to remove the spatial and temporal fluctuations of the background, photon noise remains an unavoidable limitation. For instance, assuming an ELT-like aperture of 40 m and a bandwidth of Each color corresponds to a different phase angle (15 • meaning that the observer nearly looks at the substellar point and 90
• at a point on the terminator). The thickness of each curve indicates the range of possible values depending on the actual observing geometry. In the left plot, straight lines are calculated for a constant surface albedo of 0. and is expected to be a major issue for future instruments installed on ELTs like METIS. 15 Combined with background noise, these two effects have limited the performance achieved by ground-based instruments to approximately three orders of magnitudes below that required to tackle the scientific goal of this proposal.
Finally, because the Earth's atmosphere is mostly opaque at the wavelengths corresponding to major molecular absorptions (such as water vapour and carbon dioxide), searching for the broad spectral signatures of major molecular species in planetary atmospheres will generally be very difficult from the ground.
MEASUREMENT CONCEPT

The observing challenge
Obtaining high-quality infrared spectra is an essential requirement to study the atmosphere of exoplanets. 18 However, directly detecting the photons from a rocky exoplanet is a very challenging observational task due to several factors, in particular the high contrast and the small angular separation between the planet and its host star. Figure 2 shows that none of current or foreseen instruments have neither the necessary angular resolution nor the sensitivity to observe Proxima b at 10 µm, but also to survey the habitable zone of a sample of nearby main-sequence stars. In the case of the JWST, the impressive sensitivity provided by the large collecting area (25 m 2 ) and cold (40 K) telescope optics can only be utilized by coronagraphs which are expected to achieve a best case contrast at 10.6 µm of 10 −4 to 10 −5 , for separations larger than 0.5 to 1.0 arcsecond. 19 With such performances, the detection of warm and young exo-Jupiters is likely the closest that the JWST/MIRI instrument ). The 10-σ sensitivity corresponding to one day of integration of current and planned mid-infrared instruments is indicated by the colored rectangles 17 and compared to that of a four 2m-aperture space-based nulling instrument (see blue shaded area, assuming no exozodiacal dust). Note that this plot does not take into account aperture masking modes, which improve the angular resolution but reduce the sensitivity.
can approach. For the ELT, the massive gain in collecting area (980 m
2 ) compared to the JWST offsets the impact of having warm optics to give comparable sensitivity limits for the METIS instrument, operating at 3 to 19 µm. METIS 20 will be equipped with coronagraphs which can in principle achieve contrasts of ∼10 −7 at separations of ∼0.7 arcsecond necessary to directly image a putative exo-Earth orbiting α Cen as well as ∼10 small planets (1 to 4 R ⊕ ) with equilibrium temperatures between 200 and 500 K around the nearest stars. 21 However, achieving this performance in practice at a ground-based observatory where image quality and stability are dependent on an advanced adaptive optics system, will be challenging. Furthermore, due to the scarcity of available photons, the measurement would be restricted to a photometric detection, with little hope of spectroscopic follow-up.
Extracting the planetary photons
A technique that can realistically tackle the observing challenge presented in the previous section is nulling interferometry, as initially proposed in 1978 to detect "non-solar" planets. 22 The basic principle of this technique is to combine the beams coming from two telescopes in phase opposition so that a dark fringe appears on the line of sight (see middle panel of Figure 4 ), which strongly reduces the stellar emission. Considering the two-telescope interferometer initially proposed by Bracewell, the response on the plane of the sky is a series of sinusoidal fringes, with angular spacing of λ/b. By adjusting the baseline length (b) and orientation, the transmission of the off-axis planetary companion can then be maximized. However, even when the stellar emission is sufficiently reduced, it is generally not possible to detect Earth-like planets with a static array configuration, because their emission is dominated by the thermal contribution of warm dust in our solar system as well as around the target stars (see left panel of Figure 3 ). This is the reason why Bracewell proposed to rotate the interferometer so that the planetary signal is modulated by alternatively crossing high and low transmission regions, while the stellar signal and the background emission remain constant (see bottom panels in Figure 4) . The planetary signal can then be retrieved by synchronous demodulation. This modulation technique is in many ways similar to the use of a chopper wheel that allows the detection of infrared sources against a thermal background and/or drifting detector offsets. In addition, it was quickly realized that the array cannot be rotated sufficiently fast to mitigate low frequency instrumental drifts 23 and a number of interferometer configurations with more than two collectors have then been proposed to perform faster modulation and overcome this problem by using phase chopping. 24, 25 The principle of phase chopping is to synthesize two different transmission maps with the same telescope array, by applying different phase shifts in the beam combination process. By differencing two different transmission maps, it is possible to isolate the planetary signal from the contributions of the star, local zodiacal cloud, exozodiacal cloud, stray light, thermal, or detector gain. An example of the transmission map for a four-telescope interferometer is shown in the right panel of Figure 4 .
Instrumental requirements
The instrumental requirements for a direct imaging mid-infrared mission able to spectroscopically characterize the atmosphere of rocky exoplanets and, in particular, Proxima b have been recently reviewed by Defrère et al. 2017 . 29 In short, given the baseline length required to observe Proxima b (∼40 m at 10 µm), the top-level instrumental requirement is the ability to fly an array of telescopes in a coordinated way. Remarkable advances in technology have been made in Europe in recent years with the space-based demonstration of this technology by the PRISMA mission (http://www.snsb.se/en/Home/Space-Activities-in-Sweden/Satellites/). PRISMA demonstrated a sub-cm positioning accuracy between two spacecraft, mainly limited by the metrology system (GPS and RF). The launch of ESA's PROBA-3 mission at the end of 2020 will provide further valuable free-flyer positioning accuracy results (sub-mm), which exceeds the requirements for a space-based nulling interferometer. Extending the flight-tested building-block functionality from a distributed two-spacecraft instrument to an instrument with more than two spacecrafts mainly relies on the replication of the coordination functionality and does not present additional complexity in terms of procedures according to the PRISMA navigation team. While formation flying can then be considered to have reached TRL 9, once PROBA-3 has flown, an uncertainty remains regarding fuel usage and the possible lifetime of such a mission.
Regarding starlight suppression, a considerable expertise has been developed on this topic over the past 20 years, both in academic and industrial centers across the globe. Approximately 35 PhD theses have been dedicated to this topic and more than 40 refereed papers. These efforts culminated with laboratory demonstrations at room temperature mainly at the Jet Propulsion Laboratory (JPL) in the US. For instance, work with the Adaptive Nuller has indicated that mid-infrared nulls of 10 −5 are achievable with a bandwidth of 34% and a mean wavelength of 10 µm. 30 In addition, the planet detection testbed was developed in parallel and demonstrated the main components of a high performance four-beam nulling interferometer at a level matching that , and a 10x30m four-aperture nulling interferometer (right, all plots computed at 10 µm). For the single-aperture 10-m telescope, the PSF is represented in the middle panel of the left row and shows that the planet is both unresolved and hidden by the much brighter star. For the interferometers, the planet is resolved and the stellar flux strongly reduced as shown by the transmission maps in the middle plots. This transmission map is effectively projected onto the sky, blocking some regions while transmitting others. The bottom panels show the modulation of the planet signal as the array rotates (it can be negative when the signals from two different sub-arrays are subtracted). The signal due to the star is nulled in first approximation, and appears as noise that is independent of the rotation angle. For a given rotation period, higher modulation frequencies can be obtained with the four-aperture interferometer, which provides a better performance against low-frequency instrumental drifts. This signal can then be deconvolved to obtain the planet signal 22, 24, 27 or to form an image of the planetary system. 28 Unless giant primary mirrors can be launched into space, nulling interferometry is mandatory to characterize in the mid-infrared the atmosphere and investigate the habitability of exoplanets.
needed for the space mission.
31 At 10 µm with 10% bandwidth, this has achieved nulling of 8 × 10 −6 (the flight requirement is 10 −5 ), starlight suppression of 10 −8 after post-processing, and actual planet detection at a planet-to-star contrast of 3 × 10 −7 , i.e., the Earth-Sun contrast. The phase chopping technique 32 has also been implemented and validated on-sky with the Keck Nuller Interferometer. 13 A null stability of a few ∼10 −3 was achieved, mainly limited by the large thermal background and variable water vapor content, both effects specific to ground-based mid-infrared observations.
Illustrative observations
To illustrate typical observations obtained with a nulling interferometer, we show in Figure 5 four examples of possible mid-infrared spectrum for Proxima b. These spectra have been computed using coupled climate chemistry models 33, 34 and are briefly described here (more information can be found in Léger et al. in prep): a stripped planet without an atmosphere, a water ocean planet, 35 and two cases of large Earth-analog planets (one with possibly biotic O 2 and one without any O 2 input, see legend for more information). Each kind of planet presents a specific spectral signature that can be observed and studied remotely to inform us about the potential nature of Proxima b: the stripped planet (Case 1) does not show observable spectral features, the water ocean planet shows prominent H 2 O features (Cases 2), and the Earth-analog planets present the triple signature 36 seen in Earth's spectrum (H 2 O, CO 2 , and O 3 , Cases 3 and 3.5). The accuracy with which these atmospheric parameters can be retrieved from mid-infrared spectra critically depends on the spectral resolution and S/N of the measured spectra. For instance, a detailed study by von Paris et al. 11 concludes that a mid-infrared spectrum with a resolution of 25 is sufficient to retrieve the surface conditions (temperature and pressure) of an Earth-like planet and to infer the presence of CO 2 but show that the detection of O 3 and H 2 O would be marginal, even at high S/N. A promising way to improve the parameter retrieval is to monitor the variation of the spectra with phase angle (which would require repeated observations). This approach has never been tested because it requires detailed 3D models with coupled photochemistry (for O 3 ) but would provide strong additional constraints on the planetary atmospheres. Another way to improve the parameter retrieval is to obtain mid-infrared spectra with even higher spectral resolution and S/N. In a recent qualitative study, 37 suggest that a spectral resolution of 40 and a S/N of 20 are actually required to unambiguously detect CO 2 , O 3 and H 2 O in the spectrum of an Earth-like planet. While this needs to be confirmed by a detailed analysis similar to that performed by von Paris et al., 11 one can see in Figure 5 that these requirements are also sufficient to resolve all spectral features (i.e., H 2 O, O 3 , CO 2 , CH 4 ) of the test cases described above and presented in Figure 5 , except for O 3 in the atmosphere of the water ocean planet, which would require a higher S/N or follow-up observations. Achieving such a high S/N is crucial to break model degeneracies inherent to parameter retrieval and will drive the integration time spent on each target for a given collecting area (and hence the number of planetary atmospheres than can be studied in a given mission lifetime).
SUMMARY AND CONCLUSIONS
A space-based nulling interferometer with four 75-cm collecting apertures and a minimum baseline of 40 m could take a mid-infrared (5-20 microns) medium-resolution (R=40) spectrum of Proxima b in one day of integration. Such a spectrum would reveal whether the planet has an atmosphere and would constrain its surface temperature and pressure as well as reveal the presence of important atmospheric species such as CO 2 , H 2 O, and, in some cases, O 3 . Most technologies necessary to build such an instrument have benefited from intense research in the past and have today reached TRL 5. A relatively small instrument dedicated to Proxima b will both lead to transformational science and serve as crucial stepping stone for a future flagship instrument that will be able to characterize a large sample of rocky exoplanets (see Figure 2 and 
